Hybrid supercapacitors (HSCs) have attracted increasing attention as they can deliver energy densities sufficient for batteries and power densities of supercapacitors. The exploration of novel types of capacitor cathode materials with higher energy densities than conventional active carbons is in demand.
Introduction
With the development of various technological applications, including portable electronic devices and electric vehicles, much attention has been paid to create new-types of energy storage devices with both high energy density and power density. Recently, a novel supercapacitor-battery hybrid energy storage system, also called hybrid supercapacitors (HSCs), was proposed to combine the fast charging rate of a supercapacitor with the high energy density of lithium ion batteries (LIBs).
1
HSCs is usually coupled with a capacitive cathode and a Liinsertion anode. In 2001, Amatucci et al. rst fabricated HSCs by using active carbon (AC) as the cathode and nanostructured Li 4 Ti 5 O 12 (LTO) as the anode. The energy density of the packaged device was nearly three times higher than conventional supercapacitors.
2,3
To the scope of capacitive cathode, based on the mechanism of anions adsorption/desorption onto/from the surface of cathode, carbonaceous materials with high specic surface areas and micro/mesoporous structures are considered as ideal candidates. In addition to typical electrochemical double layer capacitance (EDLC) cathode materials like AC, some novel carbonaceous materials are also explored to be a capacitive cathode for HSCs, such as three-dimensional graphene, [4] [5] [6] trigol-reduced graphene oxide (TRGO), 7 oligomer derived carbon (ODC), 8 activated polyaniline-derived carbon (NAC), 9 hierarchical nitrogen-doped carbon (HNC), 10 etc. However, EDLC cathode materials exhibit limited capacitance properties due to the physical energy storage mechanism. The microporous structure further undermines the capacitive reaction at high current densities. Therefore, it is still urgent to explore new kinds of HSC's cathode materials with high specic capacitances and rate capabilities.
Conducting polymers (CPs) have been applied as the electrode materials for rechargeable batteries because of their redox activities since 1980s. 11 The energy storage for CPs is usually realized by the anions doping/dedoping into/from the backbone, regardless the routes of polymerization. 12 However, CPs are usually used as the conductive additives in the composite electrodes rather than the electrode materials in the eld of rechargeable batteries due to the lower energy densities of CPs than those of commercialized inorganics. 13 Nowadays, in addition to be used in the aqueous supercapacitors, CPs are also the important cathode materials of HSCs for their pristine high electronic conductivities and the special energy store mechanism derived from the doping/dedoping anions with favorable kinetics.
14-16
Among the kinds of CPs, polyaniline (PANI) has been received research interests consecutively because of its oxidative stability, relatively high theoretical capacity, convenient synthesis, and electrochemical reversibility between many redox states. 3, 17 In fact, PANI lithium battery is one of few examples of polymer-based energy storage that have been commercialized, but the relatively low energy density and the undesirable cycling stability blocked its further application. 18 In order to solve these problems, PANI with special nanostructures or combined with nanostructured carbons was designed. For example, PANI nanotubes doped with HClO 4 exhibited higher specic capacity (75.7 mA h g À1 ) than commercial PANI powders (65.8 mA h g À1 ) due to the higher surface area and faster diffusion kinetics of anions. 19 The nanocomposite of PANI with carbon nanotubes prepared by the layer-by-layer selfassembly and electrodeposition methods exhibited the high specic capacity and superior rate capability due to the synergetic effects of EDLC and faradaic mechanism, 20-22 though the synthesis methods were time consuming and hardly to accommodate with the industrial manufacture. Recent advances in research have exploited some promising strategies, such as being modied with redox active groups or incorporated with redox polymers to enhance the storage capacity and rate capability of PANI. Yang et al. 23 prepared the copolymer of aniline (ANI) and o-nitroaniline that exhibited a high redox potential as the cathode material of sodium ion batteries. Sulde-containing and ferrocene-containing aniline copolymers were also synthesized as the novel cathode materials with signicantly improved cycling stability, 24, 25 though the rate capability of these copolymers was not further investigated.
In this study, copolymers of ANI and 2-aminoterephthalic acid (ATA) were synthesized by the chemical oxidation polymerization and the molecular structures, crystallinities, morphologies, and electrochemical performances of copolymers with different ratios of ANI to ATA (ANI/ATA) were characterized. It was found that the copolymer obtained at ANI/ATA ratio of 8 : 2 exhibited signicantly improved electrochemical performances due to the appropriate charge delocalization and the special nanostructure for the introduction of carbonyl compared with pristine PANI. The maximum charge/discharge current density of the copolymer reached to 50 
Experimental

Preparation of P(ANI-co-ATA)
P(ANI-co-ATA) was synthesized via the chemical oxidative polymerization. In a typical experiment, some amount of ATA (Aldrich, 98%) was dissolved in 500 ml 1 M HCl solution, followed by the adding of aniline (ANI, Acros, 99.8%) with specic volume. The monomers were dissolved in the HCl medium with the help of an ultrasonic treatment completely until the solution becoming transparent. Then ammonium persulfate (APS), in the equimolar ratio with the sum of monomers, solved in 20 ml 1 M HCl solution was added dropwise in 1 h. The polymerization was processed in the ice bath for 12 h. The product was collected by ltration and washed by ethanol and water for several times to remove the residual monomers and APS. Aer being dried at 60 C under vacuum for 24 h, the dark green powder of copolymers was obtained nally. A series of copolymers with different molar ratios of ANI to ATA were polymerized, which were denoted as P(ANI-co-ATA, 9 : 1), P(ANI-co-ATA, 8 : 2), P(ANI-co-ATA, 7 : 3), and P(ANI-co-ATA, 6 : 4), respectively. PANI was also synthesized in the same procedure so as to investigate the effects of ATA segment on the electrochemical performances.
Characterization
FT-IR was carried out on Bruker Tensor 27 by using KBr pellets. Raman spectroscopy was get from Thermo Electron with 514 nm laser excitation. UV-vis spectra was measured using a Persee/tU1901 spectrometer in the wavelength range of 200 to 900 nm and XRD analyses were performed on a Perkin Elmer PHI 3056 diffractometer with Cu Ka radiation (l ¼ 1.5406Å) and the diffraction data were recorded for 2q angles between 10 and 50 . The SEM was conducted using Hitachi S-4800 eld emission scanning electron microscope with acceleration voltage of 10 kV. TEM was carried out on a Philips Tecnai G2 F20 electron microscopy operated at 200 kV.
Fabrication of half cell
The copolymer powder (90 wt%), as the cathode material, was mixed directly with 5 wt% acetylene black and 5 wt% polytetrauorethylene (PTFE), rolled into thin sheets, then punched into 1 cm diameter electrode and pressed onto aluminum steel foil coated by carbon (10 mm). 
Electrochemical measurement
All the electrochemical tests were carried out at the constant 25 C. The cyclic voltammetry (CV) and electrical impedance spectroscopy (EIS) studies were performance by using an electrochemical workstation (Advanced Electrochemical System Parstat 2263). The galvanostatic charge/discharge measurements of half cells and HSCs at various current densities with potential windows for specic materials were tested using a cell test instrument (Land CT2001A, Wu Han JinNuo Electronics Co., China). The specic capacitance of an electrode can be calculated according to the following equation from CV curves
where C g (F g À1 )is the specic capacitance based on the mass of cathode materials, S is the enclosed area of the CV curve, v is the scan rate, m (g) is the mass of electroactive material and U (V) is the potential window.
The specic capacitance C g (F g
À1
) of copolymers in the half cells could also be calculated from galvanostatic chargedischarge proles as the following:
in which I is the constant current (A), m (g) is the total mass of two electrodes, and U (V) is the potential window within the discharge time Dt (s). The energy density values E (W h kg À1 ) of half cells and HSCs were calculated by numerically integrating the t-V graph area during the discharge process according to the following formula:
in which I is the constant current density (A g À1 ), V (V) is the voltage, and t is the start and end time in the discharge process, respectively. The power density values P (W kg
) of half cells and HSCs were calculated according to equation:
In which t is the discharge time.
Results and discussion
The copolymers were synthesized by the conventional chemical oxidation polymerization at different ANI/ATA values, detonated as P(ANI-co-ATA, ANI : ATA). PANI was also polymerized under the same condition for comparison. The detailed synthesis procedure is exhibited in the ESI. † The Fourier transform infrared spectroscopy (FT-IR) spectra of copolymers and PANI are shown in Fig. 1a . The peak at 3341 cm À1 in the copolymers and PANI are attributed to the N-H stretching vibrations of secondary amines. 23 The peak at 822 cm À1 is assigned to the out-of-plane of vibration para-disubstituted benzene. 26 The peaks lie at 1570 and 1500 cm À1 in all the samples are attributed to the C]C stretching of the quinoid and benzenoid rings, respectively. The intensity ratio of peaks at 1570 and 1500 cm
À1
implies the oxidation degree of the main chain. 27, 28 It can be found out that copolymers and PANI are all in the half-oxidized state due to the approximately same peak intensities in all curves. In addition, compared with PANI, the two additional peaks at 1700 and 1250 cm À1 in the copolymers, ascribed to the C]O and C-O stretching vibration of carboxylic groups in ATA, conrm the successful copolymerization of ANI and ATA. The intensities of these two peaks enhance with the decrease of ANI/ ATA value. Besides, compared with the C]O stretching vibration of free-state carboxyl that exhibits the absorption peak at 1760 cm À1 normally, the red shi of this peak in copolymers is caused by the formation of hydrogen bonds between carboxyl groups. 29 Furthermore, two small peaks at 1445 and 1414 cm
observed in the samples of P(ANI-co-ATA, 7 : 3) and P(ANI-co-ATA, 6 : 4) are stemmed from the C]C stretching vibration of the substituted aromatic ring and symmetric stretching in the phenazine ring, respectively, which indicate the partial formation of oligomers in the copolymers with the increase of ATA amount, 30,31 because the steric effects of the carboxyl substituent in ATA tends to prohibit the polymerization of the polymer.
32
The molecular structures of copolymers and PANI were further characterized by Raman spectroscopy (Fig. 1b) . The C-C stretching vibration at 1390 cm À1 , C-Nc + stretching at 1331 cm À1 , and C]C stretching vibration at 1571 cm À1 are observed in all the samples, demonstrating the presence of the doped state. The bands lie at 1466 cm À1 and 1500 cm À1 in all samples are attributed to the C]N stretching mode in the unprotonated and protonated segment of quinonimine, respectively. 33, 34 The signicantly decreased intensity of band at 1466 cm À1 and the gradually enhanced intensity of band at 1500 cm À1 with the decrease of ANI/ATA value demonstrate the protonation effect of carboxyl groups in ATA segment to the copolymer backbone. Besides, the band around 580 cm À1 observed in P(ANI-co-ATA, 6 : 4) associated with a substituted phenazine segment is the signal of the existence of oligomers, which is in agreement with the FTIR spectra.
29
The different conformations and structures of copolymers and PANI were further characterized by ultraviolet-visible (UVvis) absorption spectroscopy in N-methyl pyrrolidone (Fig. 1c) . There are two distinct absorption bands located at 340 and 560 nm in the UV-vis spectra of PANI. The former is ascribed to the p-p* transition of the benzenoid ring, which is related to the extended conjugation between adjacent rings in the polymeric chains, and the latter is assigned to the p-polaron transition. 33 The copolymers show the similar adsorption spectra with PANI. The wavelengths of the absorption bands of copolymers are larger than that of PANI because of the protonation effect of carboxyl groups in ATA, revealed in Raman spectra. 35 Moreover, the tiny band at 450 nm in the spectra of P(ANI-co-ATA, 9 : 1) and P(ANI-co-ATA, 8 : 2) represents the polaron-p* transition, indicating these copolymers in the doped state.
36
When the ratio of ANI/ATA decreases to 7 : 3 and 6 : 4, however, an additional peak lies at 420 nm appears in the spectra of these copolymers, which is associated with the benzoid rings in the polymer chain. 37 The appearance of this peak and the decreasing band intensity above 600 nm indicate the lowered conjugation level and the formation of oligomers, which is in accordance with the results of FTIR and Raman spectra.
The crystal structures of copolymers and PANI are characterized by X-ray diffraction (XRD) (Fig. 1d) . PANI shows three broad diffraction peaks with relatively high intensity indicating the semicrystalline nature of PANI. The diffraction peak of PANI located at 25.0 is attributed to the (200) plane, which is periodicity perpendicular to the polymer chains, and the peak centered at 20.5 is correspond to the (100) plane that are periodicity parallel to the polymer chain. 38, 39 The broad band around 15.1 is on account of the dopant. 28 Similar diffraction peaks are also observed in the XRD patterns of copolymers, which indicates the existence of continuous PANI segment in the copolymers backbone. However, additional diffraction peaks at 2q ¼ 27.8 , 17.7 and 11.9 demonstrate the oligomers existence in the copolymers further. 40 The increased intensities of these peaks with the decrease of ANI/ATA value indicate the more existent oligomer components in the copolymer. The higher degree of crystallinity of copolymer polymerized at lower ANI/ATA value is generated by the more polymer cation-anion complexes between carboxyl groups of ATA and polycation PANI, which enhances the inter-chain packing and the structural order in the solid state.
41
The morphologies of copolymers were characterized by scanning electron microscopy (SEM) at rst. From SEM images of copolymers shown in Fig. 2a-d , it can be found that the ANI/ ATA value has a remarkable inuence on the morphology of the synthesized copolymers. P(ANI-co-ATA, 9 : 1) and P(ANI-co-ATA, 8 : 2) are both in the regular rod-like shapes with almost uniform diameters in the range of 50-100 nm and lengths about hundreds nanometers, and these nanorods are twinkled each other. However, except nanorods, some agglomerates can still be observed in the SEM image of P(ANI-co-ATA, 9 : 1). Although the shape of P(ANI-co-ATA, 7 : 3) is still rod-like, the SEM image reveals that these rods have some irregular shapes. As the ANI/ ATA value further decrease to 6 : 4, granular nanoparticles with size about 50-80 nm, rather than nanorods, are observed. The transmission electron microscopy (TEM) images of these copolymers, shown in the insets of corresponding SEM images, reveal the same result. Irregular PANI agglomerates are observed from SEM and TEM images shown in Fig. S1 (ESI †), which is consistent with the conventional PANI powder polymerized in the aqueous solution at low pH values. 42 The different morphologies of PANI and copolymers demonstrate that the amount of ATA have a great impact on the growth mechanism of copolymers. The dimers of ANI (in the yellow frame) and ATA (in the green frame) tends to form micelles due to the coexistent hydrophilic groups (carboxyl and protonated amino) and hydrophobic group (benzene ring). 43 The micelles can be regarded as the so temples in the formation of different morphologies through the self-assembly process. 44 When the value of ANI/ATA is higher than 8 : 2, at beginning of the polymerization, the excessive protonated ANI monomers are absorbed on the external of the micelles and enhance the linear growth of the copolymer. At the same time, the free ANI monomers diffuse into the micelles and form the solid core subsequently. 45 However, PANI nanoparticles also form in the initial period of the polymerization due to the much abundant protonated ANI monomers in the polymerization system when ANI/ATA value reaches to 9 : 1. These agglomerates are likely to be absorbed on the surface of nanorods through hydrogen bonds or p-p stacking interaction, 45, 46 represented by the SEM and TEM images shown in Fig. 2a . On the other hand, when ANI/ATA value reduces to 7 : 3, more dimers form and hence aggregate to spherical micelles. The rest of ANI monomers are free to diffuse into the micelles to form granular nanoparticles aer the beginning of polymerization. 34 The different growth mechanism at varied ANI/ATA values is represented in Fig. 2e .
The electrochemical characters of copolymers and PANI are evaluated through Li-half cells at rst and the detailed information is provided in the ESI. † The cyclic voltammograms (CV) of all the copolymers as well as PANI cathodes with the potential window from 2.0 to 4.0 V (vs. Li + /Li) are shown in Fig. 3a . By comparing the CV curves of all the copolymers, it can be seen that the area surrounded by the CV curve of P(ANI-co-ATA, 8 : 2) is the largest, indicating the highest specic capacitance of the copolymer. Therefore P(ANI-co-ATA, 8 : 2) was taken as the typical one for analysis and three couples of redox peaks are observed in the CV curve. The main two couples of redox peaks around 3.40/3.32 V and 3.05/2.98 V are attributed to the doping/ dedoping reaction of ClO 4 À anions into/from the para-disubstituted benzene ring and quinone diimine structure of the copolymer, respectively. 47, 48 The small pair of redox peaks located at 2.70/2.40 V is probably accompanied by the Li + extraction/insertion from/into the carbonyl groups of benzenoid and quinonoid ATA segment due to the absence of this redox peak in the CV curve of PANI. 49 The calculated specic capacitances of copolymers, synthesized at ANI/ATA value of 9 : 1, 8 : 2, 7 : 3, and 6 : 4, are 137, 191, 129 and 45 F g À1 from CV curves at the scan rate of 0.5 mV s À1 , respectively, while the specic capacitance of PANI is calculated as 110 F g À1 at the same test condition. The galvanostatic charge-discharge proles of copolymers and PANI at the current density of 20 mA g À1 were shown in Fig. 3b , all proles exhibit almost symmetric charge-discharge curves, representing the typical electrochemical redox process of p-type CPs. The gradient of the charge-discharge prole is caused by the gradual change of the doping level, and the abrupt transition of the prole at 2.9 V (vs. Li + /Li) represents the full-reduction state of the copolymer. P(ANI-co-ATA, 8 : 2) shows the smallest IR drop than those of the other copolymers and PANI, reecting the lowest internal resistance of this copolymer, which is consistent with the result of electronic conductivity test (Table S1 , ESI †). 50 The charge-discharge duration of P(ANI-co-ATA, 8 : 2) is much longer than those of the other cathode materials, implying the highest specic capacitance. The calculated specic capacitances of copolymers, synthesized at ANI/ATA value of 9 : 1, 8 : 2, 7 : 3, 6 : 4, and PANI are 140, 198, 129, 41, and 106, respectively, which are close to the values obtained from the CV curves.
The rate capability of cathode material is the crucial factor for being used in the HSCs energy storage system. Fig. 3c shows the specic capacitances changes of copolymers and PANI as a function of discharge current densities. The corresponding charge-discharge proles of copolymers and PANI at different current densities are shown in Fig. S2 (ESI †) . It can be observed that P(ANI-co-ATA, 8 : 2) exhibits the best rate capability because of the higher capacitance retention than those of other cathode materials at the same current density. The capacitance retention of P(ANI-co-ATA, 8 : 2) . The excellent rate capability of P(ANI-co-ATA, 8 : 2) gives it the potential of being applied as the cathode materials of HSCs. By comparing P(ANI-co-ATA, 8 : 2) with other reported cathode materials (Fig. 3d) , it can be claimed that the specic capacitance of P(ANI-co-ATA, 8 : 2) is higher than commercial AC and even comparable to some nanostructured carbons. The more detailed comparisons are listed in Table S2 (ESI †) and it can be found that P(ANI-co-ATA, 8 : 2) delivers higher energy density than the majority of carbonaceous cathode materials due to the pseudocapacitance offered by anions doping/ dedoping mechanism. Although some carbonaceous cathode materials with extremely large surface area like threedimensional porous graphene or heteroatoms doped graphene shows higher specic capacitance than P(ANI-co-ATA, 8 : 2), the synthesis of the copolymer nanocomposites with nanostructured carbons is expected to improve the specic capacitance further because of the great successes in aqueous supercapacitors through the same approach.
The cycling stability is usually a drawback for electrochemical energy storage electrodes based on CPs. The cycling performances of copolymers and PANI were evaluated by repeating the charge-discharge tests for 100 cycles at the current density of 20 mA g À1 , and the specic capacitance as the function of cycle number is shown in Fig. 3e . The slightly increased specic capacitance at initial cycles for each tested cathode is correlated to activated process, which has been observed in several CPs electrodes previously. 50 The specic capacitance of P(ANI-co-ATA, 8 : 2) holds steady in the subsequent cycles and the capacitance retention is 85.5% aer 100 cycles, which is higher than that of PANI (42.2%). The capacitance retentions of copolymers synthesized at ANI/ATA value of 9 : 1, 7 : 3, and 6 : 4 are 68.8, 48.1, and 45.5%, respectively. The alternating swell and shrinkage of CPs during the doping and dedoping process deteriorate the electronic conductivity and charge storage capability. 51 The interaction between anionic carboxyl group of ATA and polyanionic PANI, revealed by XRD patterns, enhances the structural stability during the doping/ dedoping process and hence improves the cycling stability efficiently. In addition, the one-dimensional nanostructure of P(ANI-co-ATA, 8 : 2) also contributes to the improvement of the cycling stability due to the relatively high exibility of nanorods. 18 The specic capacitance of P(ANI-co-ATA, 8 : 2) retains about 78.5% aer 1000 cycles at the current density of 2 A g À1 (Fig. S3, ESI †) , accounting for the superior cycling stability of the copolymer even at relatively high current densities. Aer this cycling test, the maintained one-dimensional morphology of P(ANI-co-ATA, 8 : 2) observed from the SEM and TEM images (Fig. S4, ESI †) , conrms the excellent structural stability of the copolymer. However, the slightly enlarged size of P(ANI-co-ATA, 8 : 2) nanorods still represents the negative effects of alternative volume change and lead to the capacitance fading during the cycling test.
In order to further investigate the mechanism of the improved electrochemical performances, the electrochemical impedance spectra (EIS) of copolymers and PANI, aer 100 cycles at the current density of 20 mA g À1 , were performed, which are shown in the Fig. 3f , the analysis of the impedance spectra is based on the equivalent circuit model shown inset. R e represents the total resistance of electrolyte, electrode, and separator. R ct and CPE represent the charge-transfer resistance and the double layer capacitance, respectively. Z w is the Warburg impedance which is derived from to the diffusion of ions into the bulk electrode. The Nyquist plots consist of a semicircle at high frequency that represents the value of R ct and a straight sloping line at low frequency associated with the ions diffusion process within the electrode. By tting the impedance spectroscopy, the tted impedance parameters are listed in Table S3 (ESI †). The R e values of all the cathodes are close to each other because of the same cathode fabrication process and the employed electrolyte. P(ANI-co-ATA, 8 : 2) features the smallest R ct value, indicating the most feasible charge transportation through the electrode. Moreover, the almost vertical line of P(ANI-co-ATA, 8 : 2) in the low frequency region, represented by the phase angle close to 90 , indicates the capacitive behavior and high ion diffusion coefficient.
52 Therefore, the synthesis of ANI and ATA copolymer with appropriate components is an effective approach to improve the electrochemical performances of PANI electrode.
Because P(ANI-co-ATA, 8 : 2) exhibited the best electrochemical performances, the electrode process kinetics of this copolymer was further analyzed by EIS. The Nyquist plots of P(ANI-co-ATA, 8 : 2) electrode charged/discharged to different potentials in the 1st cycles were shown in Fig. 4a . The R ct increases slightly during the rst charge process which is attributed to the partially forming pernigraniline caused by the doped ClO 4 À into the copolymer backbones. The reversion of R ct to the original value during the subsequent discharge process is attributed to the dedoping process. To conrm the structural stability, the FT-IR analysis before and aer cycles was performed (Fig. 5) . Before the test, all the electrodes had been discharge to 2 V. Compared with original curve shown in the Fig. 1a , the same bands could also be found here. Besides, the two similar curves indicate the excellent structural stability. The detailed analysis and ex-situ FT-IR spectra of the P(ANI-co-ATA, 8 : 2) electrode in the rst and one hundredth cycle taken at different cut-off potentials have been shown in the ESI (Fig. S5 , ESI †). The FT-IR spectra of P(ANI-co-ATA, 8 : 2) at the same cutoff potentials in the rst cycle reveal the increased amount of quinoid rings during the charge process and the gradual transformation to benzenoid rings during the discharge process. The reduced R ct at different potentials aer 100 cycle indicates the more efficient doping-dedoping process to the copolymer. The more vertical line in the low frequency region indicates the more capacitive behavior of the copolymer. The FT-IR spectra of P(ANI-co-ATA, 8 : 2) (Fig. S5b , ESI †) at the same cut-off potentials in the 100th cycle demonstrated the well maintained chemical structure aer the cycling test. The analysis of CV curves at different scan rates aer 100 cycles (Fig. 4c) demonstrates the capacitive behavior of P(ANI-co-ATA, 8 : 2) further. The total stored charge of P(ANI-co-ATA, 8 : 2) can be separated into the capacitive process and the diffusion-limited redox reaction. Approximately 96.10% fraction of the total charge is contributed from the capacitive process (Fig. 4d) and the detailed analysis process is shown in Fig. S6 (ESI †), which veries the ultrahigh rate capability and the long cycling stability of P(ANI-co-ATA, 8 : 2) cathode. Although the energy storage of P(ANI-co-ATA, 8 : 2) is realized by the pseudocapacitance generated from the anions doping/dedoping mechanism, the capacitive controlled electrochemical reaction rather than the diffusion controlled process of the copolymer is attributed to the synergetic effects of ATA and ANI monomers. The alternating electron donating (-NH-) and withdrawing (-COOH) groups in the copolymer enhance the charge delocalization on the copolymer backbone. 22 At the low concentration of ATA in the co-monomers feed, the delocalization effect is not effective enough, resulting the copolymer with lower electrochemical activity; whereas, at high concentration of ATA in the copolymer, steric effects of the substituent predominates over the electronic effect and degrades electrochemical performances subsequently. The similarly electrochemical activation of copolymers by introducing the electron withdrawing groups into PANI backbone has also been reported. 53, 54 In addition, the negative charged carboxyl in ATA, as intramolecular dopant anions, avoids the loss of electrical conductivity during the charging/discharging cycles, 55, 56 which usually deteriorates the power density and cycling stability of electrode based on CPs. Moreover, the presence of hydrogen bonding and inter chain linking, revealed by XRD patterns, maintain the copolymer structure not to collapse during the charging/discharging cycles. The one dimension geometry of P(ANI-co-ATA, 8 : 2) also improves the utilization of cathode material and accommodates the volume change during cycling, which further increases the charge storage and capacity retention. Therefore, P(ANI-co-ATA, 8 : 2) exhibit the best electrochemical performances because of the synergistic effects provided by the introduction of appropriate ATA amount into the copolymer backbone (Fig. 6) .
The excellent rate capability as well as the anion doping/ dedoping energy storage mechanism of P(ANI-co-ATA, 8 : 2) promotes it to be employed as the cathode material for HSCs. Herein, two kinds of commercial LIBs anode materials, which were MCMBs and LTO, were coupled with P(ANI-co-ATA, 8 : 2) to fabricate HSCs. Before the fabrication, both P(ANI-co-ATA, 8 : 2) cathode and MCMBs (or LTO) anode were preactivated for three cycles at 20 mA g À1 in the Li half-cell to achieve the high effi-
ciency. Based on the tested electrochemical results of MCMBs and LTO ( Fig. S7 and S8 , ESI †), the mass ratios of P(ANI-co-ATA, 8 : 2) to MCMBs and LTO were optimized to be 5 : 2 and 3 : 2 to match the charge balance between the cathode and anode respectively. The potential windows of P(ANI-co-ATA, 8 : 2)k MCMBs and P(ANI-co-ATA, 8 : 2)kLTO HSCs were chosen from 1.0 V to 3.8 V and 2.8 V, respectively, based on the charging/ discharging proles of individual electrodes, and their electrochemical performances are shown in Fig. S9 and S10 (ESI †), respectively. The Ragone plot of the fabricated HSCs is shown in Fig. 5 . The energy density and power density are calculated based on the galvanostatic discharge proles at different current densities (Fig. S9b and S10b, ESI †). At the low power density (100 W kg À1 ), the energy density of P(ANI-co-ATA, 8 : 2)k
MCMBs is higher than that of P(ANI-co-ATA, 8 : 2)kLTO due to the wider potential window of the former one. However, the energy density of P(ANI-co-ATA, 8 : 2)kMCMBs drastically decreases with the increase of the power density due to the low kinetics of Li + diffusion into MCMBs anode. On the other hand, P(ANI-co-ATA, 8 : 2)kLTO HSC exhibits better rate capability than P(ANI-co-ATA, 8 : 2)kMCMBs, which delivers the maximum power density of 3011.5 W kg À1 , associated with the energy density of 26.1 W h kg À1 . By comparing with previous HSCs fabricated by carbonaceous cathode and graphitic or LTO anode, HSCs using P(ANI-co-ATA, 8 : 2) exhibit higher energy densities at the low power density region because of the superior energy density of P(ANI-co-ATA, 8 : 2). It is worthy of attention that for commercial energy storage devices, the P(ANIco-ATA, 8 : 2)kMCMBs reaches the energy density of commercial LIBs, and P(ANI-co-ATA, 8 : 2)kLTO delivers the power density comparable to commercial electrochemical capacitors, associated with the energy density compared with Li-metal hydrides or LIBs (Fig. S11, ESI †) . 57 These values demonstrate that P(ANIco-ATA, 8 : 2) features the energy and power density requirements (about 5 W h kg À1 at 5000 W kg À1 )
58
of HSCs cathode, and the optimization of the component of the copolymers cathode as well as the coupled anode materials can further improve the electrochemical performances of HSCs.
Conclusion
Copolymers of ANI and ATA with different ratios of ANI/ATA were prepared by chemical oxidation polymerization. The morphologies of the products vary from nanoparticle to nanorod and then convert back to nanoparticle with the decrease of ANI/ATA value. The dimers of monomers serve as the so template in the formation of the special morphologies and P(ANI-co-ATA, 8 : 2) nanorods form due to the appropriate micelle concentration. The optimized delocalization and steric effects lead P(ANI-co-ATA, 8 : 2) to exhibit the best electrochemical performances among all the copolymers, especially the rate capability, which works steadily until the chargedischarge current density up to 50 
